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Abstract 
In solar concentrators plants the vacuum receiver tube is considered the heart of the solar concentrator plant. The EES 
program was used to study both the effect of the annular pressure between the receiver tube and the envelope glass 
cover on the tube performance in terms of amount of collected energy, energy losses, temperature rise of the heat 
transfer fluid and the thermal efficiency of the receiver tube. The radiation and convection heat transfer between the 
outer surface of the receiver tube and the inner surface of the glass cover were taken into considerations. The 
temperature distribution, energy collected and energy losses of the receiver tube are obtained using the EES program 
for different meteorological and operating parameters. The results show that the convection heat transfer between the 
steel tube and the glass cover increases sharply to significant values at annular pressure above 110 Pa. 
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1. introduction 
In the solar thermal power plants, the electricity generation depends on different technologies for 
concentrating the solar radiation. Most technology used in concentrating the solar radiation in solar 
thermal power plant is the parabolic trough collector (PTC). The vacuum receiver tube, also called a heat 
collection element (HCE) is an important component of the PTC. The receiver tube is located at the linear 
focus of the parabolic trough concentrator to receive the concentrated solar radiation and transmit it to 
flowing fluid through the receiver tube for producing heat energy, which can be changed into electricity. 
High temperature HCEs should be able to work at 400 °C or even higher temperature (>500 °C). 
Different heat transfer fluid (HTF), such as thermo oil and molten salt, flows through the receiver tube 
to transfer the heat energy collected to direct use or to storage tank. Many experimental and theoretical 
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investigations were carried on the receiver tube by different authors. Some of them have the goal to 
reduce cost and improve the performance by new designs, others had been focused on improving the 
receiver tube reliability, selective coating performance, and new measurement methods for testing the 
parabolic trough system [1, 2].  
Forristal [3] had built and analyzed both a 1-D and a 2-D heat transfer model of parabolic trough solar 
receiver implemented in Engineering Equation Solver (EES). The HCE performance software model 
compared well with experimental results and provided numerous HCE design insights from the design 
and parameter studies. He developed his model based on an approach developed by Mancini in Dudley et 
al., [4]. Dudley and Kolb (1994) [4] used a 1-D model to analyze the thermal properties of SEGS LS-2 
parabolic trough solar collector operating under three different receiver configurations and two different 
selective absorbing coatings by comparing with experimental data. A similar 1-D model was also 
established to analyze the first-stage test results of this 2 m Sanle-3 receiver (Gong et al., 2010) [5]. 
Dudley et al., (1994) [4] derived performance correlations relating collector efficiency and thermal loss to 
working fluid temperature by simple polynomial correlation of the test data. Wang et al., 2011 [8] 
analyzed different heat transfer mechanisms due to variable residual gas conditions in the annulus. The 
negative effects of residual gas, including environmental-sensitivity enhancement, coating degradation, 
and system efficiency decreasing, are acquired and analyzed with theoretical as well as test results. 
In general, the simplification assumptions of 1-D model includes: (1) temperature distribution along 
HCE axis is uniform; (2) the different heat loss in receiver’s ends is ignored. However, experiments 
(Odeh et al., 1998 [6]; Huang et al., 2010 [7]) showed the end heat losses of outer bellow HCEs are 
significantly higher than the bulk, close to 15% of the total heat loss while the end length only accounts 
4–6% for a 4 m HCE. Z.D. Cheng et al., 2010 [9] performed 3D numerical simulation of the heat transfer 
characteristics in the receiver tube by combining the MCRT Method and the FLUENT software, then an 
experimental test was chosen to validate the numerical model, the average error between the experimental 
and the numerical results are within 2 %. And then the mechanism of the coupled heat transfer in the 
receiver tube is further studied. 
Egypt is one of the MENA region's early adopters of renewable energy development, and the 
government decided to install 100 MW solar power plant. However, the relevant experimental and 
theoretical study on Egypt is not sufficient. So the objective of this paper is to build 2-D model for the 
parabolic trough collector to study the effect of the design, operating and meteorological parameters on 
the parabolic trough collector and the effect of the annular vacuum leakage on the receiver performance. 
The model based on dividing the circumference of the receiver tube into two parts, irradiated part which 
subjected to the concentrated radiation and non-irradiated part which subjected to the direct solar 
irradiance (Antonio Deluca idea). This article will show only the effect of the annulus pressure on the 
heat transfer between the absorber tube and the glass cover and on the total heat losses from the receiver 
tube. The results of this work will provide reference for designing the receiver tube and studing its 
performance at different design, operating and meteorological conditions also provide the fluid flow 
temperature and pressure distribution along the collector length of the CSP plant. The model can also 
account for different levels of vacuum and gas compositions in the annulus. 
 
Nomenclature 
 
A cross section area  
b interaction parameter 
Cp specific heat  
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dgo outer diameter of the glass envelope 
dgi inner  diameter of the glass envelope 
g  acceleration due to gravity 
h heat transfer coefficient 
K thermal conductivity 
Tms molten salt temperature 
Tsii Inner temperature of the irradiated part of the absorber tube 
Tsini Inner temperature of the non-irradiated part of the absorber tube 
Tsi The average temperature of the absorber tube  
mms mass of the molten salt 
Pr Prandtl number 
Qr radiation heat energy 
Qc conduction heat energy 
Qcv convection heat energy 
Qi inlet heat energy of the molten salt 
Qo outlet heat energy of the molten salt 
Ra Rayleigh number 
rso  outer radius of the absorber tube 
rsi inner radius of the absorber tube 
 
Greek latter  
Β Thermal expansion coefficient 
ν Kinematic viscosity 
α Thermal diffusivity 
λ Mean free bath length 
γ Specific heat ratio of the annulus gas 
δ Molecular diameter on the annulus gas 
2. Model Description 
Two-dimension theoretical model was built to model the heat energy incident and absorbent by the 
receiver tube and the heat transfer in radial direction to the fluid flow as shown in Fig 1. The model 
simulate the heat losses from the absorber tube to the glass cover by radiation and convection methods 
also simulate the heat losses by conduction through the glass cover from the inner to the outer surface. 
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Then, the heat losses from the outer surface of the glass cover to the ambient by convection and radiation 
also simulate the effect of the air pressure in the annulus space between the absorber tube and the glass 
cover on the heat losses. Consequently, the model simulates the effect of the annulus pressure on the 
receiver tube performance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. schematic of 2D numerical model for the receiver tube 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. temperature and energy flow through the receiver tube 
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Fig. 3. The axial view of the two-dimensional model 
 
The molten salt flow through the absorber tube, then absorb the heat from the tube resulting an 
increase in its temperature. The physical properties of the molten salt and air were considered as variant 
with temperature in this study. Also, the physical properties of the absorber metal (stainless steel) and the 
glass envelope were considered as variant with temperature. 
A model of the thermal loss from the collector are the heat losses from the absorber tube by radiation 
and convection (convection loss is negligible if a high vacuum can be developed). At each node 
represented in Fig. 1, energy balance equations are written for the irradiated and the non-irradiated part 
for the absorber stainless steel tube, the glass tube. While, the energy balance equation is written for the 
fluid flow inside the absorber tube as a bulk fluid unit. 
The receiver tube was divided into two main parts. The half lower zone is the irradiated zone where it 
receives the concentrated irradiation and the half zone upper is the non-irradiated part. Heat transfer from 
the outer surface of receiver steel to the inner glass tube is either by conduction through the fluid (air) 
which can be neglected. While, the heat transfer by convection and radiation should be taken into 
consideration. 
 
The physical model of the energy balance is shown in Fig. 1. The energy balance equations were used 
with the following assumptions: 
 
x The concentrated radiation incident on the absorber tube is homogeneous. 
x No heat transfer by conduction in the axial direction.  
x The molten salt is considered as a bulk fluid.  
x The irradiated and non-irradiated parts have constant temperatures for each. 
x The energy balance is at steady state conditions. 
 
The heat balance for the molten salt flowing through the receiver tube was written as follow: 
   
t
TCpmQQdxTTr2hdxTTr2h msmsmsoisimssims,cvmssisims,cv w
w SS  [1] 
The heat balance for the irradiated part of the steel tube was written as follow: 
   
t
TCpmdxQdxTTr2hdxr2 QQ siss)nii(s,cmssistims,cvsogiso,rabs w
w SS    [2] 
The heat balance for the irradiated part of the glass tube was written as follow: 
 
x Flow in Flow out 
i= 1 i= 2 i= N-1 i= N 
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The above heat balance equations for the steel tube and the glass cover will be rewritten for the non-
irradiated zone. 
Convection and radiation are the two modes of heat transfer which occur between the absorber and the 
glass envelope. As mentioned by Forristall 2003 [3], the convection heat transfer mechanism depends on 
the annulus pressure as in KJC report [10]. At low pressures (< 133.3 pa), the heat transfer mechanism is 
molecular conduction. At higher pressures (> ~133.3 pa), the mechanism is free convection. 
 
The convection heat transfer between the outer surface of the absorber and inner surface of the glass 
envelope occurs by free-molecular convection [11] when the annulus between the absorber and the glass 
envelop is under vacuum (pressure < 133.3 pa). 
  gisogs,cvsogi,socov, TThdQ S         [4] 
The heat transfer coefficient between the outer surface for the absorber and the inner surface of the 
glass envelope hcv,s-g  is calculated as follow 
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When the HCE annulus loses its vacuum (pressure > 133.3 pa), the convection heat transfer 
mechanism between the absorber and glass envelope occurs by natural convection. Raithby and Holland’s 
correlation for natural convection in an annular space between horizontal cylinders is used for this case 
[12]. 
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3. Numerical simulation and discussion 
The numerical model developed in this paper was simulated using EES considering the parameters 
listed in Table 1 
Table 1. Receiver tube parameters  
parameter Value parameter  
Dso 0.07 m Receiver tube length  4.06 m 
Dsi 0.066 m Parabola width  5.9 m 
Dgo 0.125 m Focal length 2 m 
Dgi 0.119 m Tamb 30 °C 
 
The heat gain, heat losses and efficiency were calculated for the receiver tube for different pressure 
values in the annulus space and at different tube temperature. Different values of the annulus pressure 
were selected to study its effect on the heat transfer by convection from the absorber tube to the envelope 
glass at different absorber tube temperature as shown in Fig. 3-5. When the annulus pressure between the 
absorber and the glass envelope is less than 150 Pa, Fig. 3 illustrates the effect of the annulus pressure on 
the convection heat transfer between the absorber tube and the glass cover at different absorber 
temperature. While the effect of annulus pressure between the absorber and the glass envelop in the 
convection heat transfer is illustrated in Fig. 4 at vacuum pressure higher than 150 Pa. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. the effect of the annulus pressure on the convection heat transfer between the steel tube and the 
glass envelope at vacuum pressure (Pa < 150 pa) 
 
The effect of the annulus pressure between the absorber tube and the glass cover in the total heat 
losses by convection and radiation from the outer surface to the ambient at different absorber tube 
temperature are illustrated in Fig. 7. From the figure it can be observed a smooth increase in the total heat 
losses by about 17.5 % due to increasing the annulus pressure from 0.1 to 1000 Pa. Also, there are 
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increasing in the total heat losses by about 400 % due to increase the absorber tube temperature from 320 
to 550 °C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. the effect of the annulus pressure on the convection heat transfer between the steel tube and the 
glass envelope at vacuum pressure (Pa > 150 pa) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. effect of the annulus pressure on the convection heat energy transfer between the steel tube and the 
glass envelope at different absorber temperature. 
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Fig. 7. the effect of the annulus pressure on the total heat losses from the receiver tube 
 
4. Conclusion  
 
From the figures we can conclude that there is an increase in the convection heat transfer in the 
annulus space between the absorber tube and the glass cover when the annulus pressure increase above 10 
pa and the increase seem to be very sharply at pressure above 100 pa. The absorber tube temperature has 
the big effect on the total heat losses compare to annulus pressure up to 1000 pa.  
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